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Edited by Richard CogdellAbstract Peroxiredoxins have been discovered in many organ-
isms ranging from eubacteria to mammals, and their known bio-
logical functions include both oxidant defense and signal
transduction. The genome of Arabidopsis thaliana encodes for
ten individual peroxiredoxins, of which four are located in the
chloroplast. The best-characterized member of the chloroplast
peroxiredoxins is 2-Cys Prx that is associated with the stroma
side of the thylakoid membrane and is considered to participate
in antioxidant defense and protection of photosynthesis. This
study addressed the chloroplast peroxiredoxin Prx Q and
showed that its subcellular location is the lumen of the thylakoid
membrane. To get insight in the biological function of the Prx Q
protein of Arabidopsis, the protein levels of the Prx Q protein in
thylakoid membranes were studied under diﬀerent light condi-
tions and oxidative stress. A T-DNA knockout mutant of Prx
Q did not show any visible phenotype and had normal photosyn-
thetic performance with a slightly increased oxygen evolving
activity.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The enzyme family of peroxiredoxins is ubiquitous in all
kingdoms of life, and a common characteristic of this enzyme
family is their ability to reduce hydroperoxides. Unlike perox-
idases, peroxiredoxins have no heme group but perform their
enzymatic activity using cysteine residues with redox-active
thiol groups. As for the biological roles of peroxiredoxins,
there is conclusive evidence that they are responsible for anti-
oxidant defence in many eubacteria. In addition, studies of
individual peroxiredoxins in yeast and higher plants, such as
TSA (thiol- speciﬁc antioxidant protein) and 2-Cys Prx,
showed that these proteins play important roles in detoxiﬁca-
tion of peroxides. In mammalian cells, however, peroxiredox-
ins appear not only to be involved in antioxidant defence but
also to participate in important signal transduction pathways
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doi:10.1016/j.febslet.2006.10.001In Arabidopsis thaliana the peroxiredoxins belong to a multi-
gene family that includes 10 peroxiredoxins [4] and six related
glutathione dependent peroxidases [5]. Biochemical and pro-
teomics studies have identiﬁed four chloroplast located perox-
iredoxins that are encoded by the genes At3g11630 (2-Cys Prx
A), At5g06290 (2-Cys Prx B), At3g52960 (Prx IIE) and
At3g26060 (Prx Q) [6–14]. So far, the best-studied member
of the chloroplast peroxiredoxins is 2-Cys Prx; studies with
antisense plants indicated a role in chloroplast antioxidant de-
fence [15]. In addition, 2-Cys Prx was able to bind to the stro-
mal side of the thylakoid membrane and its redox state was
aﬀected by the NADPH/NADP+ ratio of the chloroplast. It
was suggested that 2-Cys Prx played a role in the water–water
cycle for energy dissipation in photosynthesis and also was
able to detoxify peroxides in the dark [16].
The Prx Q protein of Arabidopsis was found independently
in a study of chloroplast thioredoxin targets [9] and in an anal-
ysis of luminal chloroplast proteins [11]. However, the ﬁrst de-
tailed study of a plant Prx Q protein was the characterization
of a 17 kDa protein in Sedum lineare. This protein revealed se-
quence similarity to the bacterioferritin co-migratory protein
from E. coli [17] that was a novel thioredoxin-dependent
hydroperoxidase [18]. Consistently, the Prx Q protein of Se-
dum lineare had a thioredoxin-dependent peroxidase activity
that was dependent on two conserved cysteine residues [17].
This observation was conﬁrmed in a study of poplar chloro-
plast Prx Q. In addition, the study of poplar the Prx Q protein
showed that its expression changed in response to an infection
by the fungus Melampsora larici-populina [19]. Recently, a
24 kDa the Prx Q homologue (GtAFP1) was identiﬁed in
leaves of the ﬂowering plant Gentiana triﬂora, and its overex-
pression in tobacco plants improved tolerance against fungal
diseases and oxidative stress [20]. A recent study of Arabidop-
sis Prx Q reported that this protein was associated with the
stromal side of the thylakoid membrane in proximity to photo-
system II; it was also suggested that the Prx Q protein had a
speciﬁc function in protecting photosynthesis that was diﬀerent
from that of 2-Cys Prx [21].
In this study, we have investigated the subcellular location of
the Prx Q protein of Arabidopsis in detail and our observa-
tions are consistent with a subcellular location in the chloro-
plast lumen. Prx Q is a soluble protein that was found in
both grana and stroma thylakoids and enriched in the stroma
regions of the thylakoid network. A T-DNA knockout mutant
did not indicate any deterioration of photosynthesis but
showed a small increase in oxygen evolution compared to wildblished by Elsevier B.V. All rights reserved.
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tein are discussed in the context of its subcellular location.2. Materials and methods
2.1. Plant growth
Arabidopsis thaliana ecotype Columbia (Col-0) WT and the knock-
out Prx Q protein plants were cultivated on GM-agar plates and after
10 days transferred to soil. Plants destined for lumen preparation were
harvested after 7 weeks, with a photoperiod of 8 h and a light intensity
of 150 lmol photons m2 s1. Plants used for expression studies during
diﬀerent light intensities were transferred to high light, 1800 lmol pho-
tons m2 s1 or low light, 10 lmol photons m2 s1 after a growth per-
iod of 6 weeks. The high and low light regime lasted for three days with
the same photoperiod as mentioned earlier. A table fan and ice were
placed in front of the high light treated plants to keep the temperature
under control (27 C vs. 22 C for low light and control plants). Spinach
oleracea (spinach) was cultivated hydroponically for 7 weeks with 10 h
light period 400–500 lmol photons m2 s1.2.2. Preparation of chloroplast fractions
Chloroplasts from Arabidopsis and spinach, their thylakoid mem-
branes and luminal content were isolated as described [22,23]. Thylak-
oids for measurements of oxygen evolution and ﬂuorescence
measurements were re-suspended in 30 mM sodium phosphate (pH
7.8) containing 5 mM magnesium chloride, 50 mM sodium chloride
and 200 mM sucrose, and frozen in liquid nitrogen. The Arabidopsis
chloroplasts used for studies of light and oxidative stress were also pre-
pared according to Ref. [22]. The thylakoid membranes from these
chloroplasts were prepared by osmotic shock using 10 mM sodium
pyrophosphate (pH 7.8), collected by centrifugation at 10000 · g and
re-suspended in 30 mM sodium phosphate (pH 7.8) containing 5 mM
magnesium chloride, 50 mM sodium chloride and 100 mM sucrose.
Digitonin fractionation of grana and stroma thylakoids of Arabidopsis
and spinach was performed as described by [24].2.3. Protein assay and chlorophyll determination
Soluble proteins were determined according to the method of Brad-
ford [25] and membrane proteins were quantiﬁed according to [26]
using bovine serum albumin as a standard in both cases. Chlorophyll
concentrations were measured using the method of [27].
2.4. Cloning, expression and antibody production of recombinant the Prx
Q protein
A full length cDNA clone (U13099) of the Prx Q gene (At3g26060)
was obtained from The Arabidopsis Information Resource (TAIR).
The Prx Q cDNA was ampliﬁed by polymerase chain reaction
(PCR) using speciﬁc primers forward 5 0-AGG GAT CCA TGG
CTG CTT CAT CTT CC-3 0 and reverse 5 0-GAC TCG AGC GTC
AAG CAG CTT TGA GA-3 0 containing BamH1 and Xho1 restriction
sites. The resulting fragment was puriﬁed using QIAquick PCR puriﬁ-
cation kit (Qiagen) and digested with BamH1 and Xho1 (both from
Fermentas). The fragment was ligated into modiﬁed pET-19b with
internal restriction site that were speciﬁcally designed to facilitate the
correct cloning of products that were double digested with Bamh1
and Xho1, and the sequence of the construct was veriﬁed by DNA
sequencing. The expression plasmid was used to transform E. coli
BL21 (DE3) cells by heat shock. The cells were grown at 37 C in Lur-
ia–Bertani media containing 100 lg/ml carbencillin until mid-log phase
(OD 600  0.5). His-tagged protein was induced by addition of isopro-
pyl thio-b-D-galactoside to a ﬁnal concentration of 0.5 mM and grown
3 h at 37 C. The fusion protein was puriﬁed using nickel HiTrap
aﬃnity columns from GE Healthcare according to the manufacturer’s
instructions, and the lyophilized, puriﬁed protein was used to raise
polyclonal antibodies in rabbit (Agrisera, Va¨nna¨s, Sweden).
2.5. Electrophoresis and immunoblotting
SDS–PAGE was performed in 18% (v/v) slab gels with 2 M urea
according to the method of Laemmli [28]. For immunoblotting, the
proteins were transferred to polyvinylidene diﬂuoride (PVDF) mem-
branes (GE Healthcare) by semidry blotting using a transfer buﬀercontaining 25 mM Tris, 192 mM glycine and 20% (v/v) methanol.
The Prx Q antibodies were visualised using horseredish peroxidase
conjugated goat anti-rabbit IgG and ECL-Plus detection (GE Health-
care). The chemiluminescence was measured using a CCD camera and
quantiﬁcation was carried out with Science imager software (both Fuji
systems). After transfer of the proteins onto PVDF membrane, the gels
were silver-stained as a control according to [29].2.6. Screening for homozygote T-DNA knockout plants
A T-DNA insertion mutant for Prx Q was obtained from Syngenta
Arabidopsis Insertion Library (SAIL_781_D06), and it belongs to
those SAIL lines that were retained by Syngenta in January 2004.
More information about the Syngenta SAIL collection and a list of
those lines that were retained by Syngenta is available on-line at the
address: http://www.tmri.org/en/partnership/sail_collection.aspx. To
screen for homozygote mutants genomic DNA was isolated from
WT and mutants. A leaf per plant was grinded in N2 (l) and homogen-
ised in 200 mM Tris–HCl pH 7.5, 250 mM NaCl, 25 mM EDTA and
0.5% SDS. Debries were pelleted in a microfuge (14000 rpm) and the
DNA of 300 lL of the supernatant was precipitated with an equal vol-
ume of isopropanol and centrifuged. The pellet was resuspended in
water. PCR was performed with the following primers: Forward Prx
Q 5 0-ATCTCCCCAGTCTCTTCCTCTTCTC-3 0; Reverse Prx Q 5 0-
CTGGTTGTTGTAGATGAGCTGAAC-3 0; Leftborder T-DNA 5 0-
CAGAAATGGATAAATAGCCTTGCTTCC-3 0.2.7. Light stress treatment
The amount of the Prx Q protein in thylakoid membranes from Ara-
bidopsis plants that were grown under diﬀerent light conditions was
analyzed in four individual experiments. Arabidopsis plants were
grown at control light (150 lmol photons m2 s1) for six weeks and
then moved to low light (10 lmol photons m2 s1) or high light
(1800 lmol photons m2 s1) or kept at control light. Samples were
collected at three diﬀerent time points at 0 h, 4 h, and 8 h, of which
0 h was the start of the light period. The Prx Q protein content in
the thylakoid membranes was analyzed by SDS–PAGE and immuno-
blotting as described in the previous section. For a relative quantiﬁca-
tion of the Prx Q protein, the band volumes were normalized to that of
the control sample at 0 h, which was arbitrarily set to 1.2.8. Induction of oxidant stress
Oxidative stress was induced as described in [30]. Brieﬂy, for each
experiment leaves from approximately 20 plants were harvested. The
leaves were sliced and vacuum-inﬁltrated with water and then incu-
bated for 8 h in 10 mM hydrogen peroxide, and in 50 mM peroxide.
During the treatment, the leaves were illuminated with white light
(150 lmol photons m2 s1) as under normal plant growth. Leaves of
the controls were incubated in water under identical conditions. To
study conditions under which oxidants were quenched, vacuum
inﬁltrated leaves were incubated under the same conditions in
10 mM sodium ascorbate, and 50 mM sodium ascorbate both (pH
4.0). In an additional treatment, vacuum inﬁltrated leaves were incu-
bated for 4 h in 1 mM diamide, and 1 mM t-butyl hydroxy peroxide,
and water as a control. Each individual treatment was carried out in
triplicate.2.9. Assay of photosynthesis
The chlorophyll ﬂuorescence was measured at 20 C with a chloro-
phyll ﬂuorometer (PAM-101, Waltz, Eﬀeltrich, Germany). The mini-
mum ﬂuorescence yield (F0) was determined after a 30 min dark
adaptation followed by illuminating the sample with a low-irradiance
measuring light (0.12 lE m2 s1). A saturating pulse of with light
(0.8 s, 10000 lE m2 s1) was applied to determine the maximal ﬂuo-
rescence yield (Fm). The maximal quantum yield of PSII (Fv/Fm)
was determined from the following equation: Fv/Fm = Fm  F0/Fm
[40]. The photochemical quenching was measured after 15 min of
4000 lE m2 s1 and then measured on dark adapted leaves at time
points 0, 2, 5, 10, 20, 40 and 80 min. Oxygen evolution was measured
at 20 C with a Hansatech oxygen electrode (Hansatech, King’s Lynn,
UK). Thylakoid samples were diluted to 10 lg Chl mL1 in oxygen
evolution buﬀer (200 mM sucrose, 25 mM HEPES-KOH, pH 7.6,
10 mM NaCl, 5 mM CaCl2) with 0.3 mM phenyl-p-benzoquinone,
1 mM potassium hexacyanoferrate as electron acceptors.
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The hydrogen peroxide production was determined using the hydro-
gen peroxide dependent oxidation of methanol by catalase (Sigma).
Thylakoid membranes were incubated in saturating white light at
22 C for 0, 15 s, 30 s, 1, 2 and 5 min in the presence of 1% (v/v) of
methanol and 100 U/ml catalase. Thylakoid membranes were precipi-
tated with 15% TCA and collected by centrifugation at 3000 · g. The
formaldehyde formed were analysed as described in [31].3. Results
3.1. Detection and localization of the Prx Q protein in the
chloroplast lumen
In our ﬁrst study of the chloroplast lumen of spinach [23] we
were able to sequence an unknown protein with an apparent
mass of 18 kDa that was co-migrating with the abundant
extrinsic PSII associated PsbQ protein in our electrophoresis
systems. The N-terminal sequence KVKEGTPAPAFSLKD
did not reveal any similarity to a protein of known function.
However, databases searches indicated weak sequence homol-
ogy to the yneN gene product of Bacillus subtilits that was a
putative thiol disulﬁde interchange protein (Genbank locus
CAB13685) indicating that thioredoxin related proteins might
be present in the chloroplast lumen. When the Arabidopsis
genome became available [32], it became clear that the
18 kDa protein from the spinach chloroplast was a homologue
to the At3g26020 gene product that was a putative Prx Q pro-
tein. To further scrutinize the subcellular location of the Prx Q
protein in Arabidopsis, we raised antibodies against recombi-
nant Arabidopsis Prx Q. The immunoblot in Fig. 1A shows
the presence of the Prx Q protein from Arabidopsis in the dif-
ferent fractions of our lumen preparation. The Prx Q protein
was present in similar amounts in chloroplasts and washed
thylakoid membranes indicating its association with the thyla-
koid membrane. When the washed thylakoid membranes were
ruptured by a Yeda press, the majority of this protein wasFig. 1. Subcellular localization of the Prx Q Protein. (A) The fractions
of the chloroplast during the isolation of luminal content were
analyzed by immunoblotting using a polyclonal antiserum against Prx
Q of Arabidopsis. Similar amounts of Prx Q were detected in
chloroplasts (C), washed thylakoids (T) while almost no Prx Q
remained in the ruptured thylakoids (RT) after isolation of the luminal
content; of each membrane fraction a sample containing 5 lg chl was
analyzed. The majority of Prx Q was recovered in the luminal content
(T) and only a low amount of Prx Q was detected in the stromal
fraction (S); the lumen and stroma samples analyzed contained 5 lg
protein. (B) The subcellular location of Prx Q within the chloroplast
was tested by a protease treatment of intact thylakoids (T) and
ruptured thylakoids (RT) with thermolysin, and the presence of Prx Q
was monitored using immunoblotting after 0, 2, 10, 30 and 60 min. A
data set for both Prx Q of spinach and Arabidopsis is shown. To
provide an example of this experimental set-up for an established
lumenal protein, a corresponding data set for PsbO is included.recovered in the fraction of luminal proteins, and only a low
amount remained in the ruptured thylakoid membranes.
Fig. 1A shows that some minor amounts of the Prx Q protein
can be detected in the stroma fraction, which was probably
caused by leakage of a part of the thylakoid membranes during
the wash procedure.
An established approach to test the subcellular location of
luminal chloroplast proteins is their protection by the thyla-
koid membrane from degradation with the protease thermoly-
sin [33]. In this assay, intact and ruptured thylakoid
membranes are incubated under identical conditions in the
presence of thermolysin, and the protein of interest is moni-
tored using immunoblotting. Fig. 1B shows this experiment
for the well-characterized Photosystem II luminal PsbO pro-
teins of Arabidopsis. During the course of the thermolysin
treatment the band of immunodetected PsbO decreased in
the ruptured thylakoids, but it remained stable in the intact
ones, which is consistent with the known location of the PsbO
protein in the thylakoid lumen. The application of these exper-
imental conditions to the Prx Q protein resulted in similar
observations with both thylakoids from Arabidopsis and spin-
ach (Fig. 1B). In ruptured thylakoid membranes, the majority
of the Prx Q protein was rapidly degraded during the ﬁrst ten
minutes of the thermolysin treatment, whereas no signiﬁcant
degradation was detectable in the intact thylakoids. These
observations are consistent with a luminal location of the
Prx Q protein. The reasons for the incomplete degradation
of the Prx Q protein, even after a long incubation time, is prob-
ably due to that inside-out thylakoids that are formed during
the Yeda press rupture that enclose a part of the luminal pro-
teins [34]. The diﬀerent time course for the degradation of the
PrxQ and the PsbO protein may reﬂect that these proteins are
diﬀerently susceptible to thermolysin and also present in diﬀer-
ent amounts in the thylakoid membrane.
A typical characteristic of the thylakoid membrane is its dis-
tinct domain structure that links the photosystem II enriched
grana stacks via the photosystem I enriched stroma lamellae.
This heterogeneity of the membrane architecture is also re-
ﬂected by the subcellular location of some luminal proteins,
such as for instance, the extrinsic subunits of photosystem II.
As knowledge of the subcellular location of the Prx Q protein
within the chloroplast lumen is relevant to understand its po-
tential function, we tested if the Prx Q protein was associated
with a speciﬁc domain within the luminal compartment of the
thylakoid membrane. To separate the domains of the thyla-
koid membrane of Arabidopsis, we employed a classical frac-
tionation with digitonin and analyzed the fractions of grana
and stroma lamellae by immunoblotting using the polyclonal
antiserum against the Prx Q protein of Arabidopsis. The
immunoblot in Fig. 2A shows clearly that the Prx Q protein
is mainly located in the stroma fraction, even though some
Prx Q is found in the grana fraction. Interestingly very little
or none is found in the intermediate fraction. By contrast,
the D1 protein of the photosystem II reaction centre was
detectable in the grana and the intermediate fractions but al-
most absent in the stroma lamellae, which reﬂects the predom-
inant presence of photosytem II in the grana stacks of the
thylakoid membrane. Similar observations were obtained for
the extrinsic PsbO protein of PSII. However, this protein is
present also to some extent in the lumen of the stroma lamel-
lae, which is in agreement with that the lumen contains a
pool of unassembled PsbO protein [39]. To conﬁrm these
Fig. 2. Distribution of the Prx Q protein in the thylakoid membrane.
The intact thylakoid membranes (T) of Arabidopsis and spinach were
fractioned with digitonin to yield grana (G), intermediate (I) and
stroma lamellae (S) fractions. Of each fraction a sample containing
2.5 lg chl was separated by SDS–PAGE and analysed by immuno-
blotting. (A) The Arabidopsis fractions were analysed using polyclonal
antisera against the Prx Q, D1 and PsbO proteins. (B) The fractions
from spinach thylakoids were tested using polyclonal antisera against
Prx Q and Lhcb1.
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Fig. 2B shows that the distribution for the Prx Q protein in
grana and stroma thylakoids was similar as observed in Ara-
bidopsis. By contrast, the typical PSII antennae protein Lhcb1
was mainly present in the grana thylakoids and almot absent in
the stroma thylakoids. In summary, these observations show
that the Prx Q protein is present both in grana and stroma thy-
lakoids but preferentially located within the stroma luminal
compartment. Consistently, we found in an analysis of the thy-
lakoid membrane complexes by sucrose density centrifugation
that the Prx Q protein was present in the fraction of free pro-
teins and caretonoids but not associated with any of the major
protein complexes formed by high harvesting complex, and
photosystem I and II (data not shown). These data did not
support the suggestion that the Prx Q protein is a close neigh-
bor of the PSII complex [21]. To further test this possibility di-
rect various PSII complexes (BBY particles) from both spinach
and Arabidopsis were separated on SDS–PAGE followed by
immunoblotting using our speciﬁc Prx Q protein antisera. In
none of these analyses were we able to detect any Prx Q protein
associated with the PSII complex (data not shown).
3.2. Eﬀect of light and oxidative stress on the protein level of he
Prx Q protein
Strong light causes oxidative stress in chloroplasts and im-
pairs photosynthetic activity. Various studies of 2-Cys Prx
have suggested a role in the antioxidant metabolism of chloro-
plasts [4], and other peroxiredoxins might also play important
roles in antioxidant responses of plant cells. An analysis of prx
gene expression by real-time PCR revealed a highly variable
and gene-speciﬁc response to reducing and oxidizing condi-
tions. As for prx Q, illumination of Arabidopsis plants with
high light intensity caused an increase of prx Q transcript levels
while plants grown under low light conditions revealed the
opposite eﬀect [30]. However, gene expression and protein
level/activity does not always correlate well in eukaryotic organ-
isms. To get insight into, if the Prx Q protein of Arabidopsis
chloroplasts has a potential function under light stress and inantioxidant response, we employed essentially the same condi-
tions that had been applied by [30] in their study of prx tran-
scription levels. The amounts of the Prx Q protein in the
thylakoids of light treated plants were analyzed by immuno-
blotting and normalized to the level of the Prx Q protein in
thylakoids of the controls that were sampled at the onset of
the treatments. Table 1 shows that illumination with diﬀerent
light intensities did not cause any dramatic changes in the
Prx Q protein amounts of thylakoids after an 8 h light treat-
ment. Thylakoids from control plants and treated with high
light revealed a slight decrease in the amount of the Prx Q pro-
tein during the 8 h light period. By contrast, thylakoids from
plants that had been kept under low light showed a little in-
crease of the Prx Q protein level. However, in general the
changes of Prx Q protein amounts in the thylakoid membrane
under diﬀerent light treatments were not very large, and it ap-
pears that diﬀerent light intensities do not have any major ef-
fect on the protein level of the Prx Q protein of Arabidopsis.
Furthermore, Horling et al. [30] observed that oxidizing con-
ditions increased prx Q transcription levels while reducing con-
ditions caused a reverse eﬀect. Table 2 summarizes our results
from the diﬀerent treatments with hydrogen peroxides, dia-
mide (causes oxidative stress by depletion of the cellular thiol
pool), and with ascorbate. Our data showed consistently a
slight increase of the Prx Q protein in thylakoids in response
to oxidizing conditions, which correlates with the eﬀect of
these conditions on the prx Q transcription levels. As for the
reducing conditions, the Prx Q protein level did not signiﬁ-
cantly change in the presence of 10 mM ascorbate and showed
a slight increase in the presence of 50 mM ascorbate, whereas
the prx Q transcription levels decreased under these conditions
[30].
3.3. Characterization of a the Prx Q protein knockout mutant in
Arabidopsis
As an alternative approach to understand the biological role
of the Prx Q protein we searched the Syngenta Arabidopsis
Insertion Library for a T-DNA knockout mutant of the
At3g26060 gene encoding the Prx Q protein and found a suit-
able knockout line (SAIL_781_D06). Homozygous plants were
veriﬁed by PCR and Fig. 3A shows that the T-DNA insertion
resulted in a complete suppression of the Prx Q protein expres-
sion. Under normal growth conditions DPrx Q plants grew
photoautotrophically and did not diﬀer from wild type plants
with respect to ﬂowering, seed production or percentage of
seed germination. Fig. 3B shows clearly that DPrx Q plants
did not display any distinct phenotype. No change in chloro-
phyll content could be detected. However, the chlorophyll a/
b ratio of the mutant plants was a bit higher (3.43) compared
to that of the wild type (3.25). While this could indicate that
the amount of PSII was somewhat decreased, the protein to
chlorophyll ratio that was identical in the wild type and the
DPrx Q mutant did not support it; both had a ratio of 10 mg
protein/mg Chl, which is normal for thylakoids.
To test if loss of the Prx Q protein aﬀected photosynthesis in
the DPrx Q plants, we analyzed their performance by measure-
ments of chlorophyll ﬂuorescence, oxygen evolving activity
and the production of hydrogen peroxide during photosynthe-
sis. As the data in Table 3 shows, analysis of chlorophyll ﬂuo-
rescence revealed that photochemical quenching and
photosystem II performance of DPrx Q plants functioned
equally well as in wild type plants. Interestingly thylakoids
Table 1
Relative amount of the Prx Q protein detected by immunoblotting in
thylakoids under low and high light
Time (h) Control light Low light High light
0 1.0 ± 0.1 1.0 ± 0.1 1.0 ± 0.1
4 0.5 ± 0.1 1.1 ± 0.2 0.8 ± 0.1
8 0.4 ± 0.1 1.5 ± 0.2 0.5 ± 0.2
Table 2
Relative amount of the Prx Q protein detected by immunoblotting in
Arabidopsis thylakoids under oxidative stress
Treatment Sample Relative Prx
Q level
Anti oxidanta Control (water) 1.0 ± 0.4
10 mM ascorbate 1.3 ± 0.3
50 mM ascorbate 1.9 ± 0.3
Hydrogen peroxidea Control (water) 1.0 ± 0.4
10 mM H2O2 2.2 ± 0.1
50 mM H2O2 1.8 ± 0.3
Diamide, t-butyl
hydro peroxideb
Control (water) 1.0 ± 0.5
1 mM diamide 2.8 ± 0.4
1 mM t-BOOH 2.0 ± 0.4
aVacuum inﬁltrated leaves were incubated with the eﬀector solution for
8 h.
bVacuum inﬁltrated leaves were incubated with the eﬀector solution for
4 h.
Fig. 3. Characterisation of DPrx Q plants. (A) Western blot showing
the suppressed expression of the Prx Q protein in DPrx Q plants. (B)
Photograph showing 6-week-old plants of wild type and DPrx Q plants
grown under a daily light period of 8 h.
Table 3
Photosynthetic activity of Arabidopsis WT and DPrx Q
Oxygen evolution
(lmol O2/Chl h)
Chlorophyll ﬂourescence
Control Catalase added Fv/Fm
WT 173 ± 3 174 ± 9 0.79 ± 0.02
DPrx Q 202 ± 21 198 ± 5 0.78 ± 0.01
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oids of wild type plants. These unexpected results caused us
to repeate the measurements several times using preparations
from diﬀerent plant batches; we also reanalysed the chloro-
phyll determinations of our samples used for measurementsof the oxygen evolving activity, but we were unable to ﬁnd
any error that could explain the increased oxygen evolution
in the mutant compared to wild type.
Furthermore, we tested, if loss of the Prx Q protein resulted
in increased production of hydrogen peroxide during photo-
synthesis, but we were unable to detect any signiﬁcant diﬀer-
ence in the hydrogen peroxide content in thylakoids of DPrx
Q and of wild type plants (data not shown). In summary, pho-
tosynthetic activity did not appear to be inﬂuenced by the ab-
sence of the Prx Q protein; contrarily the oxygen evolution
seemed stimulated even though no connection between the
Prx Q protein and PSII could be found.4. Discussion
To understand the biological function of a protein, it is
important to know its subcellular location. During the recent
years, the Prx Q protein was identiﬁed in numerous studies,
and the experimental data indicate consistently that this protein
is located in chloroplasts [7,9–12,14,19,21,35]. However, the
subcellular location within the chloroplast was not clear. We
have used two lines of experiments to show that the Prx Q pro-
tein is located in the thylakoid lumen of Arabidopsis and spin-
ach. Firstly, we fractionated the chloroplast into diﬀerent parts
and used a polyclonal serum raised against the Prx Q protein to
show that the majority of the protein is located in the thylakoid
lumen. Secondly, we treated intact and ruptured thylakoids
with thermolysin showing that the Prx Q protein is protected
against the protease when the thylakoids are intact. Thus, we
present consistent biochemical data that show that the Prx Q
protein is a lumen located protein. However, Arabidopsis Prx
Q diﬀers from the majority of known luminal proteins, because
it has a signal peptide that rather resembles a protein that is tar-
geted to the chloroplast stroma than to the chloroplast lumen.
If this Prx Q protein is translocated to the lumen using an
‘‘atypical’’ signal peptide, or if it uses a new so far unknown
translocation pathway is not clear at the moment, and further
experiments are needed to solve this question.
Our experiments are in contrast to [21] who reported a stro-
mal location for the Prx Q protein of Arabidopsis, using an
experimental design similar to ours. However, their data and
controls were not shown, and their observations might have
been caused by the use of leaky thylakoid membranes. It is also
important to note that we found the major part of the Prx Q
protein in the stroma lamellae, which is not consistent with a
speciﬁc association of the Prx Q protein with photosystem
II, as reported in [21]. Furthermore, using density gradient
fractionation of the thylakoid membrane did not reveal any
associated to photosystem II, as the PrxQ protein was only de-
tected in the ‘‘free’’ protein fraction. We have studied the sub-
cellular location of Prx Q in both Arabidopsis and spinach, of
which the latter one is known to be well suited for biochemical
work, and we obtained consistent results from both plants. An
explanation for the contradiction between our results and
those of [21] might be that the preparation method used by
[21] originally was developed for spinach and not adapted to
the more fragile thylakoids of Arabidopsis; thus [21] might
not have obtained intact thylakoids.
The ability of peroxiredoxins to hydrolyze hydroperoxides
suggests that this protein family has a general function in
6060 U.A. Petersson et al. / FEBS Letters 580 (2006) 6055–6061oxidant defence. Although detailed studies of individual plant
peroxiredoxins, such as the chloroplast 2-Cys Prx, indicated a
function in antioxidant pathways, many plant peroxiredoxins
have not been characterized in detail, and their biological func-
tions are not clariﬁed. As for the Prx Q protein, studies of tran-
scription of the prx Q gene indicated a function in oxidant
defence [30]. In this study our relative quantiﬁcation of Prx Q
protein levels in thylakoids does not indicate a major biological
role in protection from light stress. The slight increase of the
Prx Q protein levels under oxidizing conditions might be re-
lated to a function in protection from oxidative stress, but the
data in Table 2 show also quite clearly that the Prx Q protein
levels in thylakoids were relatively constant and did not change
very much even under drastic stress conditions. Furthermore,
we did not detect any increase in hydrogen peroxide content
in the thylakoids of DPrx Q plants. However, a role of Prx Q
in antioxidant defence could be masked by other protection
mechanisms that are very abundant in plants [36]. Thus, the
current evidence is still not strong enough to establish a role
of the Prx Q protein in antioxidant pathways, and further work
is needed to clarify the biological function of this protein.
An interesting observation was an improved photosynthetic
performance of DPrx Q plants that was reﬂected by a slightly
higher oxygen evolving activity of the mutant than the wild
type. In a recent study, similar observations were also made
with two other T-DNA insertion mutants [21]. While the rea-
son for the apparent beneﬁt from loss of Prx Q is not known
yet, this ﬁnding is especially interesting as no direct connection
between the Prx Q protein and the PSII complex could be de-
tected in this work. In addition to functions in antioxidant
pathways the peroxiredoxins of Arabidopsis might play roles
in signal transduction. Recent ﬁndings that the luminal chloro-
plast proteins FKBP13, PsbO1, PsbO2 and TL17 were reduced
by thioredoxins in vitro indicated that the presence of redox
regulated signalling pathways in the chloroplast lumen
[13,37,38]. The function of these potential thioredoxin targets
have not been studied in detail yet, but the presence of these
proteins in the chloroplast lumen indicates that they might
participate in redox regulated signalling pathway that might
involve the Prx Q protein. In summary, Prx Q of Arabidopsis
is a soluble protein in the lumen of the thylakoid membrane,
and it might function in oxidant detoxiﬁcation and redox reg-
ulated signalling. However, further work, is needed to eluci-
date its biological functions.
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